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ABSTRACT
This study investigates the temporal dynamics of sign production and how particular aspects of the signed modality influence the early stages of lexical access. To that end, we explored the electrophysiological correlates associated to sign frequency and iconicity in a picture signing task in a group of bimodal bilinguals. Moreover, a subset of the same participants was tested in the same task but naming the pictures instead. Our results revealed that both frequency and iconicity influenced lexical access in sign production. At the ERP level, iconicity effects originated very early in the course of signing (while absent in the spoken modality), suggesting a stronger activation of the semantic properties for iconic signs. Moreover, frequency effects were modulated by iconicity, suggesting that lexical access in signed language is determined by the iconic properties of the signs. These results support the idea that lexical access is sensitive to the same phenomena in word and sign production, but its time-course is modulated by particular aspects of the modality in which a lexical item will be finally articulated.
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INTRODUCTION
Despite the obvious differences between signed and spoken languages, language production seems to follow the same principles and stages in both modalities. From the intention to speak/sign to its final articulation, information flows through different levels of processing, such as the conceptual, lexical and phonological (Caramazza, 1997; Dell & O'Seaghdha, 1991; Levelt, Roelofs & Meyer, 1999) . Evidence for this claim comes from the observation of similar linguistic phenomena in spoken and in signed production (see also, Carreiras, 2010 , for a review on language comprehension).
For example, momentary failures to retrieve a word-form are present regardless of the output modality. The so-called "tip of the fingers" and "tip of the tongue" can be found for the signed and the spoken modality respectively (ToFs, Thompson, Emmorey & Gollan, 2005; ToTs, Caramazza, 1997) . In a similar vein, Stroop-like phenomena in the spoken modality, such as the semantic interference and the phonological facilitation effects, have been shown to be present in the signed modality as well (e.g., Baus, Gutiérrez, Quer & Carreiras, 2008; Corina & Knapp, 2006 ; see also Navarrete, et al., 2015 , for semantic effects in the cumulative semantic paradigm in both modalities). In addition, Corina and Knapp (2006) revealed that semantic and phonological effects have a different time course during signing. In a picture-sign interference task in which sign-distractors were presented prior (SOA-), at the same time (SOA 0) or after the picture (SOA+), semantic effects were observed only when distractors preceded the presentation of the picture. In contrast, phonological effects appeared when distractors were presented in synchrony or after the picture, suggesting that semantic representations are accessed earlier than phonological representations during signed production. Hence, processes underlying spoken and signed language production seem to unfold in a very similar fashion: concepts are retrieved earlier than their corresponding signs/words, and sign/words are retrieved before the corresponding phonemes are accessed. However, besides some indication of sequentiality in these processes, little is known about the temporal dynamics of signed language production.
To date, research on the cognitive architecture of signed language is relatively scarce and has mainly focused on indentifying the neural substrates underlying sign production (e.g., Emmorey, Mehta & Grawoski, 2007) . In contrast, we have very limited information about the timing of such neural involvement (see, Gutierrez, Müller, Baus & Carreiras, 2012; Leonard et al., 2012;  for an ERP and an MEG investigation respectively on sign comprehension) and how particular aspects of the signed modality may affect the temporal dynamics of lexical access during sign production. Thus, for the first time, we explored the time-course of sign production by means of registering the EEG activity associated with such task. This will allow us to assess the parallels and differences between sign and spoken language at early stages of lexical access.
Signed and spoken languages differ in (at least) two important aspects. First, the articulators used for production are different and this may alter the time-course of lexical access during language production. Evidence for this comes from the observation that during production, ERPs associated to lexical frequency appear earlier when participants are asked to name an object than when asked to typewrite its name (e.g., Baus, Strijkers & Costa, 2013a) . This result has been interpreted as suggesting that the speed with which participants access the lexicon may depend on the output channel. Thus, the first goal of our study is to further investigate the role of the articulators during language production by comparing the ERPs associated to lexical frequency in sign production and spoken word production (see below). To do so, we tested the signing performance of a group of hearing bimodal bilinguals that use both spoken and signed language. We acknowledge that by selecting this group, we were exploring L2 sign production 1 , which may somehow differ from native sign production.
However, by testing hearing signers, we can have a direct comparison (i.e., within participant) of when lexical access occurs during signed and spoken production.
A second relevant difference between signed and spoken languages is the distribution of non-arbitrariness within the lexicon (i.e., iconicity, see Perniss, Thompson & Vigliocco, 2010; Thompson, 2011, for reviews) . Consider for instance the sign SCISSORS in Catalan Sign Language (LSC): the form of the sign clearly resembles (in handshape and movement) the action of cutting with scissors. Thus, although spoken languages exhibit some degree of iconicity (existence of onomatopoeic forms), this property is much more predominant in signed languages 2 (e.g., Mandel, 1977; Pietrandrea, 2002; Taub, 2001) . For instance, one-third of the total sign vocabulary is considered to be iconic in the Swiss-German signed language (BoyesBraem, 1986) reaching almost half of the vocabulary in the Indo-Pakistani signed language (Zeshan, 2000 ; see also Pizzuto & Volterra, 2013 , for a review). Thus, iconicity seems to constitute a substantial part of the lexicon in most of the signed languages. This offers us an excellent opportunity to explore how the iconic properties of signs influence the speed with which signs are accessed during sign production.
Before presenting the study, we briefly described the effects of lexical frequency and its electrophysiological correlates in language production as well as the accumulated evidence regarding the role of iconicity in signed language.
Lexical frequency and its locus in language production
Lexical frequency is one of the most robust psycholinguistic constructs in language production. Words with a high-frequency are named faster and more accurately than words with low-frequency, the so-called frequency effect (Caramazza, Costa, Miozzo & Bi, 2001; Caramazza & Costa, 2001; Jescheniak & Levelt, 1994; Jescheniak, Meyer, & Levelt, 2003; Kittredge, Dell, Verkuilen, & Schwartz, 2008; Navarrete, Basagni, Alario, & Costa, 2006; Strijkers, Costa, & Thierry, 2010) .
Similarly, frequency influences lexical access during sign production: high-frequency signs are produced faster and more accurate than low-frequency signs (Emmorey, Petrich & Gollan, 2012; see also, Emmorey, Petrich & Gollan, 2013) , supporting the similar architecture of lexical access during word and sign production. It remains to be investigated whether the temporal course of lexical access in sign production is similar to that reported in spoken word production.
Different studies in the spoken modality have reported an early effect of frequency in the course of naming: ERP amplitudes associated with low-frequency words are more positive than those associated with high-frequency ones around 200 ms after the presentation of an object (P200 component; Sahin, Pinker, Cash, Schomer, & Halgren, 2009; Strijkers et al., 2010; 2011; . Modulations of the P200 component are sensitive to the ease with which lexical access proceeds: less accessible words tend to elicit more positive amplitudes than more accessible words. What is important to note for the purposes of this study is that, the moment in which ERPs associated to high and low frequency words start to diverge is not influenced by the language, L1 or L2, of the speaker (Strijkers et al., 2010; Strijkers et al., 2013) . That is, ERP frequency effects appear around 200 ms regardless of whether bilinguals are naming objects in their L1 or in their L2, even when naming in L2 is slower than in L1. Accordingly, the time course of lexical access does not seem to be determined by the speed with which words are produced. Conversely, other factors, such as the output channel (mouth or hands), do seem to influence the speed with which lexical access proceeds. When comparing the ERP associated to word frequency during naming and typewriting, Baus et al., (2013a) reported that relative to the spoken modality (P200), frequency effects appear 150 ms later when participants were asked to typewrite a word. These results are important in revealing that lexical access might not occur at a fixed time during language production.
However, these results need to be taken cautiously here because although typewriting and signing both involve the hands and fingers as articulators, the two tasks differ in many other important aspects (e.g., natural vs human-created language). With this in mind, our first goal was to determine whether signs and words are accessed with a similar timing during language production. For that, the time-course of lexical frequency was taken as an index of when the brain engages in lexical access during sign production.
Iconicity in signed language processing
Many sign-forms resemble their conceptual referents (e.g., scissors), while this property is quite marginal in the spoken modality. Surprisingly, despite its pervasiveness on the lexicon, the role of iconicity during signed language processing remains unclear (see Carreiras, 2010; Thompson, 2011 ; for reviews). For instance, iconicity plays a fundamental role during L2 adult signed language learning. Iconic signs are easier to learn than non-iconic signs by adult hearing signers (Baus, Carreiras & Emmorey, 2013b; Campbell, Martin & White, 1992; Lieberth & Gamble, 1991; Ortega & Morgan, 2014a; Ortega & Morgan, in press; Poizner, Bellugi & Tweney, 1981) . However, its impact during native (deaf) processing seems to be somewhat limited to sign comprehension, with iconic signs enjoying a comprehension/recognition benefit (Grote & Linz, 2003; Thompson, Vinson, and Vigliocco, 2009 ; but see Bosworth & Emmorey, 2010) . In sign production, iconicity seems to play a more modest role, not affecting the rate of tip of the fingers (TOFs) or anomic states in aphasic patients (Marshall, Atkinson, Smulovitch, Thacker, & Woll, 2004; Thompson, et al., 2005) . To our knowledge there are no studies addressing the potential effects of RUNNING HEAD: The time course of sign production 8 iconicity on picture naming latencies. Indeed, one could argue that the iconic properties of the signs may affect the speed with which lexical access proceeds. That is, iconic signs might have a privilege status within the lexicon. Note that this is a very tentative hypothesis given that at present we do not know whether iconicity actually affects sign production. Remarkably, up to now, the evidence reporting iconicity effects in bimodal bilinguals is quite mixed (Baus et al., 2013b; Thompson et al., 2009; Ortega & Morgan, 2014a) . Thus, the present study aims to shed light on the functional role of iconicity during signed language production as well as the electrophysiological correlates associated to it.
In sum, the present study investigated the temporal dynamics of sign production by means of exploring the electrophysiological correlates of lexical frequency and iconicity. To do so, a group of bimodal (spoken-signed) bilinguals was asked to sign pictures whose corresponding signs were either of high or low-frequency, iconic or noniconic. Moreover, a subset of the participants was re-tested in the same task, but they were asked to name the pictures in their L1 spoken language. The re-test mainly served to establish when frequency effects occur during speech production within the same participants, allowing us to determine whether differences in the articulators used for production in the signed and the spoken modalities influence the time-course of lexical access.
RESULTS

Behavioral results
First, we analyzed the performance of the control speaking group without knowledge of signed language (unimodal bilinguals) naming pictures in their L1, Spanish. The results revealed the expected frequency effect (F(1, 19) = 6, p <.05). Highfrequency words were named faster (900 ms) than low-frequency ones (923 ms).
Importantly, neither the effect of iconicity (907 ms vs 917 ms iconic and non-iconic words respectively; F(1, 19) = 1.4, p =.25) nor its interaction with frequency (F < 1) were significant. Similar results were observed for the error rates. Participants were more accurate naming pictures with high-frequency names than with low-frequency names (F(1, 19) = 4.08, p = .05). In contrast, neither the effect of iconicity (F(1, 19) = 1.9, p = .17), nor the interaction between frequency and iconicity were significant (F < 1). These results confirm the expected frequency effect and also suggest that iconicity does not play a role during speech production. Thus, any observation of iconicity in the experimental group should be interpreted as the result of having experience with signed language.
Picture signing
The results of the signing group are represented in Figure 1 (panel A). Signing latencies were faster for iconic than for non-iconic signs (F 1 (1, 22) = 107.2, p <.001; revealing that the iconicity effect was twice as large for low-frequency words (97 ms; F 1 (1, 22) = 108, p <.001) than for high-frequency ones (45 ms; F 1 (1, 22) = 22, p <.001) (see Figure 1A ) 3 . Error analyses revealed that iconic signs were produced more accurately than non-iconic signs (F 1 (1, 22) = 13.9, p < .01; F 2 (1, 229)= 9.3, p < .01). In contrast, the main effect of frequency (F 1 (1, 22) = 3.5, p = .07; F 2 (1, 229) = 2.9, p = .08) and its interaction with iconicity (F 1 (1, 22) = 3.6, p = .07; F 2 (1, 229)= 1.2, p = .2) did not reach significance although the pattern of results was the same as reported for the signing latencies.
_______________________________________
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Picture naming
The naming performance of the sub-set of participants was also analysed.
Naming latencies in the spoken modality revealed a main effect of frequency F 1 (1, 16) = 14.2, p <.001; F 2 (1, 229)= 6, p < .05). Pictures with high-frequency names were named faster and more accurately than pictures with low-frequency names. The main effect of iconicity only reached significance in the within-participants analysis F 1 (1, 16) = 9.8, p <.01; F 2 (1, 229)= 2.6, p = .1). Participants named faster those pictures considered iconic than those considered non-iconic. The interaction between frequency and iconicity was not significant (F 1 (1, 16) = 1.2, p = .2; F 2 < 1).
When considering the error rate analyses, low-frequency words were retrieved less accurately than high-frequency words (F 1 (1, 16) = 11.6, p <.01; F 2 (1, 229)= 8.6, p < .01). Neither the effect of iconicity (F 1 (1, 16) = 1.2, p =.29), nor its interaction with frequency were significant (F < 1). The onset latency analyses confirmed the early onset of the iconicity effect (see Onset latency analyses showed that ERP amplitudes for high and low frequency words started to diverge significantly at 174 ms (p = .03) after the picture onset presentation. In contrast, the onset of the iconicity effect started later, at 238 ms (p = .04) after the picture onset presentation ( Figure 5 , lower panel)
ERP results
Picture signing
To further confirm the early iconicity effects (P100) in the signed modality and its absence in the spoken modality, we compared the ERPs of the same 17 participants in both modalities. An ANOVA including modality (signed vs spoken), frequency (high vs low) and iconicity (iconic vs non-iconic) and electrode cluster was performed for the To sum up the results considering both modalities, an early iconicity effect (70-140 ms) was observed in the signed but not in the spoken modality. In the time-range between 140-210 ms, frequency effects were observed in the spoken modality, supporting previous results in the literature of speech production. Moreover, in the spoken modality, frequency and iconicity effects were observed in the time-range of the P200 component, revealing that lexical access was similarly modulated by both variables in the spoken modality. In contrast, in the signed modality, frequency effects were restricted to those signs non-iconic. Finally, at latter time-windows, frequency interacted with iconicity in both modalities.
DISCUSSION
Importantly, this study is the first to have investigated the temporal dynamics of sign production and how particular aspects of the signed modality (i.e., the articulators used for production and the distribution of iconicity in the lexicon) influence when lexical access occurs during signing. To do so, the effects of lexical frequency and iconicity, both taken as an index of lexical processing during sign production, were explored in a group of bimodal bilinguals while performing a picture-signing task.
Moreover, a subset of the participants was re-tested in the same task, but naming the pictures instead. This allowed us to have an estimation of when lexical access occurred in the spoken modality within the same participants.
Our results revealed that both frequency and iconicity had an impact on sign and spoken word production. Behaviorally, the results in both modalities revealed that iconic signs/words and high-frequency signs/words were produced faster and more accurately than non-iconic signs/words and low-frequent signs/words. Importantly, frequency but not iconicity effects were observed in a control group of speakers without any knowledge of signed language.
At the electrophysiological level, the effect of iconicity appeared relatively soon after the presentation of the picture, but only in the signed modality. That is, in the timewindow between 70 and 140 ms, ERP amplitudes for iconic signs were more positive going than those corresponding to non-iconic signs. In contrast, ERP modulations associated to frequency appeared at a later time-window (280-350 ms). In the spoken modality, both frequency and iconicity effects appeared in the time-window associated with lexical access during speech production (around 200 ms after the picture presentation). Moreover, frequency and iconicity effects interacted in both modalities in the time window 280-350 ms; iconicity effects were only present for those signs/words of low-frequency. Interestingly, in the signed modality whenever the effect of frequency was significant, it interacted with iconicity.
The present study was the first attempt to explore the electrophysiological correlates of frequency and iconicity during sign production and as such we might not have a clear explanation for all the results. Interestingly however, the comparison with the spoken modality, allows us to determine which effects speak about the nature of the signing task (e.g., the early iconicity effect), and which effects do not (the interaction between iconicity and frequency in the time window 280-350).
In the following, we discuss our results in relation to the late effect of frequency, the early effect of iconicity and the relationship between frequency and iconicity in signed language production.
On the late frequency effects in signed language
As expected, low-frequency signs were signed slower than signs of highfrequency. These results replicate previous observations in the signed (Emmorey et al., 2012; Emmorey et al., 2013) as well as in the spoken modality (e.g., Caramazza et al., 2001; Jescheniak et al., 2003; Navarrete et al., 2006; Strijkers et al., 2010 ) Moreover, at the ERP level, low-frequency signs elicited more positive amplitudes than highfrequency signs, supporting the sensitivity of both modalities to the same psycholinguistic phenomena. However, relative to the spoken modality, ERP modulations associated with frequency appeared somewhat delayed in the signed modality. In the spoken modality (including our results), ERP frequency modulations appear around 200 ms during object naming (e.g., Strijkers et al., 2010; Sahin et al., 2009 ), while frequency effects originated around 300 ms in the signed modality. Indeed, this timing is consistent with that reported in Baus et al., (2013a) , where participants were required to type a word instead of producing it orally. The fact that both tasks share the involvement of the hands as articulators supports the idea that the timing of frequency effects during language production is modulated by the output modality (oral/manual) in which words/signs are produced.
Nevertheless, most of our participants were non-native signers and, therefore, we cannot rule out the potential contribution of non-nativeness to the observed ERP modulations. One possibility is that the delayed ERP frequency effect stems from a slower lexical retrieval in the non-native (signed) modality compared to the native (spoken) modality. This is difficult to determine with the present data, but other studies seem to suggest that the speed of lexical retrieval does not affect the timing of the ERP frequency effect. For instance, in the spoken modality, while behavioral differences are obtained between L1 and L2, ERP modulations associated with lexical frequency originate around 200 ms (Strijkers et al., 2010; Strijkers et al., 2013) . Thus, it is difficult to explain the delayed frequency effect just as a result of lexical retrieval being slower for non-natives than for natives. This does not mean, however, that other variables rather than speed can affect the timing of frequency effects in natives and non-natives.
This is an open issue that deserves further research.
Finally, although rather weak, an effect of frequency was observed for noniconic signs in the same time-window where frequency effects arose in the spoken modality (140-210 ms). Interestingly, this was the same time-window where frequency effects were observed in the spoken modality. Thus, based on this result, it is possible that lexical access proceeds similarly in both modalities. But unlike the spoken modality, iconicity plays an important role in how lexical representations are selected during sign production. It remains to be investigated whether this observed interaction stems from a general privilege of iconic forms in the signed lexicon or from a specific benefit in the process of learning iconic signs.
On the early iconicity effects in signed language
Iconicity also influenced sign production: iconic signs were produced faster and more accurately than non-iconic signs. These results provide clear evidence that iconicity influences the speed with which lexical access proceeds during sign production. Thus, at least concerning bimodal bilinguals, iconic signs seem to enjoy a privilege access to the lexicon, both in production and comprehension (e.g., Thompson et al., 2009 ).
Perhaps the most interesting and clear result of this study is the early ERP iconicity effect observed during sign production, but not during spoken wordproduction.
ERP iconicity effects, indexed by iconic signs eliciting more positive amplitudes than non-iconic ones, appeared very early on (P100) in the course of signing.
In object recognition tasks, effects occurring during the first 150 ms after the presentation of an object have been interpreted as indicating an early engagement of the conceptual system in the processing of a visual object (e.g., Hauk et al. 2007; Thorpe, Fize & Marlot, 1996; Johnson & Olshausen 2005) . ERP deflections within the P1 timewindow are sensitive to conceptual-related variables such as image agreement (Cheng, Schafer & Akyürek, 2010) , the structural typicality of the object (Hauk et al., 2007) or how strongly an object is associated with a color (e.g, lemon; Redmann, Fitzpatrick, Hellwig & Indefrey, 2014) . Indeed, models of picture naming consider the recognition of an object and its conceptual activation to be the first stage of processing during picture naming (Levelt, Praamstra, Meyer, Helenius & Salmelin, 1998; Indefrey & Levelt, 2004; Potter, 1984) . In this context, the early ERP iconicity effect might result from semantic features of iconic signs being more strongly activated (or more automatically) than those of non-iconic signs (Bosworth & Emmorey, 2010) .
Within the signed language literature, Gutiérrez et al., (2012) also revealed an early ERP semantic effect during comprehension when deaf signers processed unexpected signs (e.g., skirt) but semantically related to the expected sign (e.g., dress).
This result was interpreted in terms of the richness in the semantic content of signs, which allows a faster interaction between the visual form and its meaning. Similarly, Vigliocco, et al., (2005) suggested that iconicity facilitates lexical retrieval as a result of iconic signs being strongly linked to visual imagery processes (see also models of speech-gesture production for a similar argument; de Ruiter, 1998; Hadar & Butterworth, 1997; Krauss, 1996) . Importantly, the fact that iconicity effects originated at a very early stage only during sign production, suggests that any link between iconicity and imagery/conceptual processes is exclusive of the signed modality.
Unexpectedly, in the spoken modality, iconicity effects appeared in the same time-range as frequency effects, suggesting that both frequency and iconicity originate at the lexical level. At this point, we do not have a clear explanation of why iconicity effects were present in the spoken modality and why they appeared at the lexical level and not before as in the signed modality. Importantly, any given explanation does not obscure the observation of very early iconicity effects in the course of sign production.
On the relationship between frequency and iconicity in signed language
In the previous sections, we have discussed the early iconicity effect and the late frequency effect during sign production. Notably, whenever frequency effects were present in the signed modality, they interacted with iconicity (both at early and late time-windows). The same did not occur in the spoken modality, where the typical frequency effect in the P200 was not modulated by iconicity. These contrasting results can be taken as an indication that iconicity in signed language influences the way the lexicon is organized in terms of frequency.
Obviously, there is not much one can say about the peculiarities of the signed modality given that both modalities revealed an interaction between iconicity and frequency in the time-window 280-350 ms. Although this result was surprising, it clearly suggests that the interaction has little to do with the signing nature of the task.
For instance, one might argue that the observed interaction in both modalities might result from the distribution of frequency values between iconic and non-iconic signs/words. That is, although we showed that iconic and non-iconic signs did not differ in their average frequency, certain signs might be still biased towards one of the extremes of the frequency distribution. Indeed, this would not be surprising if we consider results from signed databases (i.e., British Sign Language, BSL) showing that iconic signs tend to be more familiar and acquired earlier in life than non-iconic signs (Vinson et al., 2008) . As can be appreciated in Figure 6 , there is an overall tendency for iconic signs to be more frequent than non-iconic signs (see also the materials section).
For instance, this would explain the 10 ms advantage (although it was not significant) for iconic over non-iconic words in the group without knowledge of signed language.
However, it would be more problematic for the distribution explanation to account for the larger effects of iconicity obtained for the group of bimodal bilinguals, or for the interaction between frequency and iconicity obtained across all time-windows in the signed modality while restricted to one time-window in the spoken modality. Thus, even when other uncontrolled factors might have contributed to the interaction between frequency and iconicity in both modalities, this does not compromise the idea that the modality in which a language is represented and how it exploits iconicity influence how lexical access proceeds during sign production.
Our results in the signed modality revealed that high-frequency signs do not benefit from iconicity as low-frequency signs do. That is, iconicity effects (behavioral and electrophysiologically) play a more modest role in the retrieval of high-frequency signs than in the retrieval of low-frequency signs. The reason might be simply because in the lexicon, high-frequency signs are more accessible than low-frequency signs, leaving then little room for iconicity (or any other variable) to influence the lexical retrieval of high-frequency signs. For instance, Emmorey et al., (2012) showed that frequency effects in signed language were larger for bimodal bilinguals than for deaf native signers, being the signing disadvantage especially evident for those signs less active in the lexicon. In this context, it is possible that iconicity aids lexical retrieval, especially for those signs in the lexicon that are less accessible. An interesting alternative, is the one offered by Frishbert (1975) , who showed that as signed languages change over time, iconicity diminishes and iconic signs tend to become more arbitrary (see Perniss et al., 2010) . If this change does not affect signs in a random fashion, then it is likely that those iconic signs more frequently used in the lexicon would become arbitrary more rapidly than those less frequently used in the lexicon. If this were the case, high-frequency iconic signs would tend to be less iconic over time. As it relates to our results, this would mean that differences in iconicity might be less visible within the high-frequency condition than within the low-frequency condition. Although this is an interesting possibility, it is still very premature since we do not actually know how frequency and iconicity interact in signed language. However, it opens an excellent question to be pursued in the future.
This study presents the first exploration on the temporal dynamics of sign production. Our results suggest that spoken and signed languages are sensitive to the same linguistic phenomena, but differences between the two modalities in some aspects affect the time course of lexical access.
6. METHOD
Participants
Twenty-six bimodal bilinguals took part in the experiment (23 women; mean age = 26.5; SD = 5.5). All participants were right handed and had normal or correctedto-normal vision. All of them signed a consent form before starting the experiment and received a monetary compensation for their participation. Three of the participants were CODAs (hearing children of deaf parents) and the remaining learned signed language as adults (mean age of acquisition = 23.9, S.D = 3.7). At the time of testing, nine participants were working as sign-language interpreters and the remaining were in the last year of a two-years intensive course (35 hours/week) of signed language interpretation (mean years of exposure excluding CODAs = 2.6, S.D = 1.1). Before the experiment started, the participants filled in a questionnaire of language proficiency, gathering information from their spoken and signed language. They were asked to rate their comprehension and production fluency in Catalan and Spanish (L1 spoken languages) and in Catalan Signed Language, LSC (L2 signed language) on a scale of 1
(not proficient at all) to 5 (very proficient). As expected, participants declared themselves to be more proficient in their spoken languages, both in comprehension (Catalan mean= 4.8; Spanish mean= 5) and production (Catalan; mean= 4.7; Spanish mean= 5), than in signed language (comprehension = 3.8 (S.D =0.8); production = 3.5 (S.D = 0.9).
From the original group, nineteen participants returned to the lab to perform the same task but this time naming the pictures in their L1 spoken language (Spanish or Catalan). At least one month separated both testing sessions. Note that this second test had the main objective of confirming ERP lexical effects in the spoken modality. Two participants had to be excluded from the analyses due to excessive artifacts. Thus, seventeen participants were included in the final analysis.
Finally, a control group composed by 20 unimodal bilinguals (Spanish-Catalan) without any knowledge of signed language was behaviorally tested in their L1, Spanish.
This group served mainly to confirm the presence of frequency effects and the absence of iconicity effects.
Materials.
Two hundred forty pictures from different semantic categories were selected from different databases (Bates et. al., 2003; Snodgrass & Vandenwart, 1980) . Since currently there is no available LSC corpus, frequency values were taken from the Spanish corpus (B-Pal; Davis & Perea, 2004) . We acknowledge that there might be some limitations in using spoken databases to define sign frequency. Some studies have relied on subjective-familiarity ratings by signers to define frequency (e.g., Emmorey et al., 2012) . However, it has been also questioned to what extent subjective familiarity measures the same as objective frequency in signed language (Johnston, 2012) . In any case, to make sure that our materials were selected adequately, we asked a group of deaf signers (n=4) to rate the familiarity of the pictures corresponding signs. All of them were deaf from birth and used signed language as the preferred means of communication. Familiarity ratings of the deaf signers were then compared to familiarity ratings of hearing speakers as well as to the objective frequency values extracted from the Spanish lexical database. The results revealed that frequency interacted significantly with both familiarity ratings (hearing speakers: r = .35; deaf signers: r =.17).
The corresponding names for half of the pictures (120) were considered of highfrequency (mean frequency per million of occurrences: 49.9; S.D = 76.04) and the remaining pictures were considered as having low-frequency names (mean: 4.04, S.D = 2.5). The cut-off frequency for considering a sign as having a high or a low frequency was 10. In addition, half of the pictures were considered as having iconic forms while the remaining half were considered as having non-iconic forms. Iconic signs included two types of iconicity: signs resembling object actions (e.g., the sign for glass resembles the action of drinking) and signs resembling object forms (e.g., the sign DEER resembles the antlers of the animal). In order to ensure that the selection of iconic and non-iconic signs was appropriate, a group of twelve speakers (without any knowledge of signed language) was asked to evaluate the degree of transparency between the picture and its corresponding sign. Naïve speakers were presented with the experimental pictures together with the sign of the corresponding picture name (signed by the experimenter). For each sign, they were asked to rate how transparent the sign was in relation to the object presented on a scale from 1 (not transparent at all) to 5 (fully transparent). Iconic signs were evaluated as being more transparent (mean = 3.8; SD = .9) than non-iconic signs (mean = 2.2, S.D = 1) (t (238) = 12.3, p < .001). Additionally, the group of four deaf native signers was asked to evaluate the iconicity of the signs.
The results obtained in the native deaf group were very similar to those obtained in the naïve group: iconic signs were evaluated as more transparent than non-iconic signs (3.6 vs 2.7, t (238) = 43.4, p < .001). Indeed, both measures of iconicity (naïve and native) correlated significantly (r =.81, p <.001).
Importantly, the degree of transparency was similar across high and low-frequency sets (t (238) < 1). Similarly, high and low-frequency signs were also similarly distributed across iconic and non-iconic signs (t (238) < 1; high-frequency iconic: 54.8
(SD = 93), high-frequency non-iconic: 45 (SD = 53), low-frequency iconic: 4.5 (SD = 2), low-frequency non-iconic: 3.5 (SD = 2).
Procedure.
The experiment was conducted in a sound attenuated booth. Participants were told that the aim of the experiment was to explore the electrophysiological correlates of sign production, but they were not informed about the experimental manipulation. Before the experiment, participants were familiarized with the pictures and their corresponding signs. During the familiarization, the experimenter showed participants each of the pictures of the experiment and asked them to sign the corresponding name. If the elicited sign did not match the one designated by the experimenter (e.g., the participant knew more than one sign for the object or he/she did not know the sign), the experimenter showed the appropriate sign and the participant had to repeat it.
Moreover, they received 10 practice trials (not included in the analyses) to be familiarized with the task. During the experiment, participants were asked to sign the picture names while ERPs were recorded continuously. The trial structure was as follows: 1) a message on the screen asked the participants to press and hold the space bar in the keyboard, 2) once the space bar was pressed, a fixation point was presented for 500 ms followed by a blank of 300 ms, 3) the picture was then presented for 3000 ms or until a response was given. Signing latencies were measured from the onset of the picture presentation to the moment participants released their hands from the space bar.
E-Prime professional was the software used to control the presentation of the stimuli and to record the responses of the participants. The experimental session was videotaped for later evaluation of the incorrect responses. Trials were considered as errors and were excluded from the latency analyses (4.2%) when the sign was different from the one designated by the experimenter or when the participant raised their hands from the keyboard but stopped before signing (considered as hesitations).
The procedure was the same in the spoken modality, except that participants were asked to name the pictures and verbal responses were registered.
Behavioral analyses.
Signing latencies and error rates were analysed separately for participants (F1) and items (F2) in a 2 x 2 ANOVA with lexical frequency (high-frequency vs low-frequency) and iconicity (iconic vs non-iconic) as factors. Nine words were eliminated because they each elicited more than 25% errors. The same analyses were conducted in the spoken modality.
ERP recording and analysis.
EEG was continuously registered and linked-nose reference from 30 scalp Ag/Cl electrodes. Extreme caution was taken in placing the reference electrode to avoid interferences from those signs performed close to the nose. Eye movements were monitored by two external electrodes placed horizontally (outer canthus) and vertically to (below) the right eye. The impedance of the electrodes was kept below 5 kΩ (10 kΩ for the ocular electrodes). EEG signal was digitalized online with a 500 Hz sampling rate and a band pass filter of 0.1 to 125 Hz. EEG data was filtered offline to 0.03 Hz high-pass filter and 20 Hz low-pass filter, re-reference to the two mastoids and vertical and horizontal ocular artefacts were corrected by a correction algorithm (Gratton, Coles, & Donchin, 1983) . Data was segmented into 850 ms epochs (-100 to 750 ms) and segments with incorrect responses, artefacts (brain activity above or below 100 μV or a change in amplitude between adjacent segments of more than 200 μV) or eye blinks, were excluded (12% of segments). Epochs were then averaged in reference to the -100 ms pre-stimulus baseline. Due to excessive artefacts, three participants were excluded from the analyses, leading to a final analysis comprising 23 participants.
Similar analyses were conducted in the spoken modality, except that data was segmented into 650 ms epochs (-100 to 550 ms) to avoid that ERPs would be contaminated by motor artefacts associated to articulation while speaking.
ERP amplitudes were analysed in a 2 x 2 x 8 ANOVA considering lexical frequency (high vs low-frequency) iconicity (iconic vs non-iconic) and electrode cluster Greenhouse-Geisser correction (corrected degrees of freedom and probabilities are reported) and Bonferroni correction for multiple comparisons were applied when necessary. Moreover, the onset latency of the frequency and iconicity effects was explored by running a two-tailed paired t-test at every sampling point (2 ms). The onset of the effect was taken as the first data point in a row of at least ten consecutive significant data points (Guthrie & Buchwald, 1991) .
Besides the P200 component associated to lexical frequency, we did not have a clear hypothesis of which other ERP components would be sensitive to frequency and iconicity in sign production. Therefore, ERP analyses covered both early and late components. Based on the global field power measured across the scalp and on the latency of the maximal peak (posterior region), we defined seven time-windows: P1 
